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SUMMARY
1. While metacommunities of bacterioplankton are generally considered to be structured primarily
by local environmental conditions (through species sorting), additional ecological processes such as
dispersal limitation, neutral dynamics or mass effects can influence community structure. Under the
mass effects paradigm, continuous or large influxes of organisms, not self-maintaining in the target
environment, affect community structure.
2. We used communities of freshwater bacterioplankton to quantify the outcome of mass effects and
species sorting in a laboratory experiment in which we exchanged cells between two communities
from contrasting ponds (eutrophic and mesotrophic) at a rate of 0.025, 0.25, 2.5 and 12.5% of the cells
present per day.
3. When cells were exchanged only once on day 1 of the experiment, the reciprocally exchanged
communities in all dispersal treatments remained as divergent, after 20 days, as the unexchanged
control communities, reflecting strong species sorting and no strong influences of dispersal limitation
and neutral dynamics on the observed bacterioplankton.
4. Under daily cell exchange, however, community similarity between the reciprocally exchanged
communities increased significantly with increasing dispersal rate, indicating an increasing influence
of mass effects relative to species sorting. The responses differed at the level of community composi-
tion and ecosystem processes, and depended on pond identity. At the community level, a daily
exchange of 2.5% was necessary to increase community similarity compared with the unexchanged
controls, while at the ecosystem process level (Biolog GN2 metabolic profiles), a daily exchange rate
of 0.25% was sufficient.
5. Mass effects can evidently overcome species sorting in freshwater bacterioplankton, but only
under relatively high dispersal rates that are unlikely to occur in nature among habitats without a
direct hydrological connection. Mass effects in the freshwater bacterioplankton acted differently at
the community composition and ecosystem process level.
Keywords: ecosystem processes, freshwater bacterioplankton, metacommunity ecology, microbial communi-
ties
Introduction
Metacommunities are defined as a set of local communi-
ties linked by dispersal of potentially interacting species
(Leibold et al., 2004; Holyoak, Leibold & Holt, 2005). The
ecological processes shaping local community structure
can be diverse and mutually non-exclusive and include
processes at the local and regional scale (Leibold et al.,
2004). Quantifying the importance of local and regional
processes in shaping metacommunity structure, and
determining which processes are at work under which
conditions, is crucial to understand the observed pat-
terns in community structure in natural systems and to
predict community shifts in changing environments.
This is also a particularly useful exercise for the bacte-
rioplankton, because of the fundamental importance of
bacteria in ecosystems. Field studies have shown that
metacommunities of freshwater bacterioplankton are
Correspondence: Caroline Souffreau, Laboratory of Aquatic Ecology, Evolution & Conservation, KU Leuven, Charles Deberiotstraat 32, 3000
Leuven, Belgium. E-mail: caroline.souffreau@bio.kuleuven.be
© 2014 John Wiley & Sons Ltd 1
Freshwater Biology (2014) doi:10.1111/fwb.12408
primarily structured by the local abiotic and biotic
conditions (e.g. Beisner et al., 2006; Van Der Gucht et al.,
2007; Logue & Lindstr€om, 2010; De Bie et al., 2012;
Langenheder et al., 2012), an ecological process that is
termed species sorting. The species sorting paradigm
requires that the presence of species in a habitat is not
limited by dispersal but only by the local conditions;
however, dispersal should not be so high that it influ-
ences species composition by source-sink dynamics. As
a result, dispersal does not directly influence community
composition but only facilitates its responses to local
environmental conditions (Leibold, 1998; Chase & Lei-
bold, 2002; Leibold et al., 2004). The observed impor-
tance of local environmental conditions for the
bacterioplankton has been ascribed to high dispersal
rates combined with rapid local dynamics of bacteria,
due to their high population growth rates (Van Der
Gucht et al., 2007). However, it has also been argued that
the emphasis on species sorting could be an artefact
because it is the mechanism that is easiest to measure,
detect and interpret (Lindstr€om & Langenheder, 2012;
€Ostman et al., 2012).
The dominant signal of species sorting in most analy-
ses of the freshwater bacterioplankton suggests that
regional processes, which emphasise dispersal dynamics
and include dispersal limitation, neutral processes and
mass effects (Leibold et al., 2004), are less important in
structuring these communities. Nevertheless, regional
processes have been reported to influence bacterial com-
munity composition in the field (reviewed in Hanson
et al., 2012; Lindstr€om & Langenheder, 2012). Although
in practice it is often difficult to interpret unequivocally
patterns of community structure as the result of dis-
persal limitation, dispersal limitation of bacteria has
been shown at larger spatial scales (e.g. Schauer et al.,
2010) and in specialised habitats (e.g. Whitaker, Grogan
& Taylor, 2003). Further, several studies have reported
that the distribution of abundance in bacterial communi-
ties is consistent with the neutral model (Sloan et al.,
2006; Woodcock et al., 2007; Drakare & Liess, 2010;
€Ostman et al., 2010). The neutral model assumes that
community assembly is stochastic and regulated by ran-
dom dispersal, colonisation, specialisation and extinction
events among functionally equivalent species (Hubbell,
2006). However, these studies on abundance distribution
suffer from the problem that observed similarities in pat-
terns can be generated through other mechanisms.
Indeed, several studies have suggested that distribution
patterns reflect a combination of neutral processes and
species sorting (Ofiteru et al., 2010; Langenheder &
Szekely, 2011).
Under the mass effects paradigm, community struc-
ture is affected by the continuous or massive immigra-
tion of organisms that are not self-maintaining in the
target environment (Shmida & Whittaker, 1981; Shmida
& Ellner, 1984; Shmida & Wilson, 1985). In this case, the
process of species sorting, and thus selection by the local
environment, is not sufficient to overcome the large or
continuous influx of maladapted taxa, resulting in varia-
tions in community structure that cannot be explained
by the measured local environmental parameters. Theo-
retical studies on mass effects and source-sink dynamics
predict strong effects on species abundances (Levin,
1974; Shmida & Ellner, 1984; Holt, 1985a; Pulliam, 1988,
2000; Mouquet & Loreau, 2002; Holt, Barfield & Gonz-
alez, 2003) and species interactions (Holt, 1985b; Daniel-
son, 1991), both resulting in effects on community
structure and dynamics (Holt et al., 2003). Because mass
effects can have profound effects on local and regional
diversity (Wilson & Shmida, 1984; Forbes & Chase, 2002;
Kneitel & Miller, 2003; Mouquet & Loreau, 2003), pro-
ductivity (Matthiessen & Hillebrand, 2006; Venail et al.,
2008, 2010) and ecosystem processes (Holt & Loreau,
2001; Gonzalez & Chaneton, 2002), it is important to
assess the occurrence and importance of this process. In
the laboratory, coexistence due to mass effects has been
shown experimentally for protozoan and rotifer assem-
blages living in the water-filled leaves of the pitcher
plant Sarracenia purpurea (Kneitel & Miller, 2003), in a
laboratory-scale food web consisting of bacteria and four
protist species (Holyoak, 2000) and in experiments with
bacteria (Venail et al., 2010) and algae (Codeco & Gro-
ver, 2001).
In the freshwater bacterioplankton, the available field
and experimental data on mass effects are inconsistent.
Several studies have suggested that their community
composition in lakes can be influenced by bacteria arriv-
ing (Crump et al., 2003; Masin et al., 2003; Lindstr€om &
Bergstr€om, 2004), and signatures of mass effects have
been detected in freshwater systems with short hydro-
logical residence time (Lindstr€om et al., 2006; Crump
et al., 2007; Nelson, Sadro & Melack, 2009; Shabarova,
Widmer & Pernthaler, 2013). However, in these studies,
environmental conditions in the habitats under study
converged with those in the source system, because of
the high influx rate, making the distinction between spe-
cies sorting and mass effects difficult. When the similar-
ity in conditions (because of the influx of water) is
decoupled from the cell import rate, mass effects become
less important compared with species sorting in explain-
ing bacterial community composition (Lindstr€om et al.,
2010; Logue & Lindstr€om, 2010). Moreover, it has been
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suggested that species sorting can be more efficient in
lakes with high nutrient concentrations than in less fer-
tile lakes, because of the higher population growth rates
in the former (Van Der Gucht et al., 2007), a hypothesis
that was confirmed in an experimental study on mass
effects (Lindstr€om & €Ostman, 2011). The emerging pic-
ture is that mass effects may occur in the bacterioplank-
ton, but that their relative importance is unclear, as is
their effect on ecosystem processes. At this stage, gener-
alisations on the occurrence and consequences of mass
effects in microbial communities are still hard to make.
In particular, there is a need for data on how high dis-
persal rates among habitats must be for mass effects to
be detectable.
Previous experiments (Jones & McMahon, 2009; Lind-
str€om & €Ostman, 2011) and a field survey (Logue &
Lindstr€om, 2010) have suggested that dispersal rate
needs to be very high to overwhelm the local dynamics
of species sorting in bacterial communities. Lindstr€om &
€Ostman (2011) observed that in their experimental sys-
tem, the greatest change in bacterial community compo-
sition and bacterial growth rate occurred when between
10 and 43% of the standing stock was replaced by bacte-
ria from another system per day, but that the effect of
dispersal on both community composition and ecosys-
tem processes depended on the quality of the habitat
into which the bacteria disperse. In this study, we
assessed the influence of a single as well as repeated
(daily) exchange of bacteria on community composition
and ecosystem processes starting with complex bacterial
communities isolated from natural systems. Both for the
single and for daily exchange, we quantified the influ-
ence of a gradient in exchange rates of bacterioplankton
cells (0, 0.025, 0.25, 2.5 and 12.5% of the cells present)
between two environmentally distinct natural pond
waters. The two distinct media were expected to lead to
divergent bacterial communities through species sorting.
A single exchange might alleviate dispersal limitation
and could thus result in a changed response to the envi-
ronmental gradient compared with the control treatment
without exchange. A repeated exchange may induce
mass effects and thus lead to convergence in the compo-
sition of the bacterioplankton and ecosystem processes.
Methods
Experimental set-up
The experiment was conducted using water and bacteria
from two environmentally contrasting ponds. One (Zoet
Water, Oud-Heverlee, Belgium) is highly eutrophic,
containing high concentrations of suspended material.
The second pond (De Maten lake 13, Genk, Belgium) is
mesotrophic and contains humic acids (see Table 1 for
physical and chemical characteristics of the two
systems). Water was sampled the day before the start of
the experiment and filtered through a 5-lm-mesh-size
filter (Merck Millipore, Darmstadt, Germany, MCE) to
exclude larger organisms. The experiment was
conducted in sterile 50-mL centrifugation tubes (Greiner
Bio-One, Frickenhausen, Germany) filled with 30 mL
filtered water from one of the ponds with natural cell den-
sities. The tubes were incubated for 20 days at 18 °C in
the dark. Two sets of parallel manipulations were carried
out. In one set, tubes were paired across ponds (i.e. the
two tubes contained water from the different ponds), and
bacterial cells were exchanged daily between tubes. A dis-
persal gradient was created by mutually exchanging
0.025, 0.25, 2.5 or 12.5% of the bacterial cells between
tubes daily. A control treatment without exchange was
included. Each treatment consisted of five replicates,
yielding five exchange rates 9 two ponds 9 five repli-
cates = 50 experimental units. In a second set of tubes,
bacteria were exchanged between the ponds once only at
the start of the experiment (day 1). This manipulation
tested for dispersal limitation and neutral dynamics. As
cells were exchanged only once, the total amount of cells
transferred for each dispersal treatment was lower in the
single exchange than in the daily exchange.
To exchange cells, 0.1, 1, 10 and 50% of the water vol-
ume was centrifuged for 15 min at 1800 rcf, pelletising
an estimated 0.025, 0.25, 2.5 and 12.5% of the total num-
ber of cells present, respectively (because centrifugation
is not 100% efficient, see below). The supernatant was
put back in the original experimental unit, while the
pellet was resuspended in 5 mL water of the target unit
and vortexed during 30 s before transfer to the target
Table 1 Overview of some environmental parameters measured in
situ on 23 October 2012 (Zoet Water) and 30 October 2012 (De
Maten) at 10 h or on water samples collected at that moment,
following the methods described in De Bie et al. (2012). Sneller
depth is the deepest point under water (in cm) at which a small
(7 cm diameter) Secchi disc, lowered in a grey PVC tube (8 cm
diameter) filled with lake water, can be seen
Parameter Zoet Water De Maten
Sneller depth (cm) 40.0 58.0
pH 7.30 7.39
O2 content (mg L
1) 3.73 8.64
Conductivity (lS cm1) 755 322
Chlorophyll a (lg L1) 82.45 156.00
Dissolved organic carbon (mg L1) 48.95 21.6
Total nitrogen (mg L1) 6.44 0.65
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tube. Transfer between tubes was performed after
removing the cells to be transferred from each tube. To
exclude a differential effect of centrifugation on the bac-
terial community in the different treatments, a total of
15 mL of water was centrifuged for all treatments,
including the treatment with no exchange, but split up
in the appropriate proportions (one part of the bacteria
being exchanged, the other part being resuspended and
put back in the original tube). This procedure was con-
tinued for 20 days, after which all experimental units
were sampled.
Based on our centrifugation method (1800 rcf for
15 min), not all cells present in the centrifuged water
volume were pelletised and thus exchanged. To
account for the difference between the centrifuged
water volume (0.1, 1, 10 and 50%) and the effective
number of pelletised and exchanged cells, we quanti-
fied the densities of effectively exchanged cells for the
two ponds in a separate test and extrapolated these
results to the entire experiment. Using exactly the same
protocol as during the experiment, 15 mL of water of
Zoet Water and De Maten was centrifuged in triplicate,
the supernatants discarded, and the pellets resus-
pended in their respective filter-sterilised medium.
Supernatants and resuspended pellets were fixed with
paraformaldehyde (4% final concentration). Cell densi-
ties of the supernatants and pellets were determined by
flow cytometry using an Attune Acoustic Focussing
Cytometer (Life Technologies, Gent, Belgium) equipped
with a VL1 (450/40 nm) BP filter under the excitation
of a 405-nm laser. Fixed water samples were passed
through a 11-lm filter, stained with 40,6-diamidino-2-
phenylindole (DAPI; 10 lg mL1 final concentration,
10 min incubation) and diluted 100-fold. Cells were
captured with a collection rate of 25 lg mL1, and a
total of 100 lL was analysed per sample. The average
percentage of pelletised cells was calculated per med-
ium type based on triplicate values and showed that c.
25% (De Maten: average 26.04  1.02% standard devia-
tion; Zoet Water: average 25.73  1.38% standard devi-
ation) of the cells present in the centrifuged water were
pelletised. Although these tests were performed on
communities taken at a different time from the experi-
ment, centrifugation of both De Maten and Zoet Water
resulted in a similar percentage of pelletised cells lead-
ing us to assume that a harvesting efficiency of 25%
could be applied to our original experiment and that
differences in the percentage of pelletised cells between
the two communities were probably small. However,
there is some uncertainty in this, and our results
should be interpreted with caution.
DNA-extraction and Terminal Restriction Fragment
Length Polymorphism (T-RFLP) analysis
The community composition of all experimental units
was characterised using the genetic fingerprinting tech-
nique T-RFLP. After 20 days, 4 mL of water per replicate
were centrifuged at 13 400 rcf for 15 min. DNA was
extracted from the pellet using the protocol for maximum
yield of the UltraCleanTM Soil DNA isolation kit (MoBio
Laboratories Inc., Carlsbad, CA, U.S.A.). For T-RFLP fin-
gerprinting, the extracted DNA was amplified using the
bacterial universal primers 8-27F (50-AGAGTTT
GATCCTGGCTCAG-30), which was 6-FAM labelled at
the 50-end, and 907-926R (50-CCGTCAATTCCTTTTAG
TTT-30) (Liu et al., 1997). The PCRs (total volume of
25 lL) contained 1 lL template DNA, 0.4 lM of each pri-
mer, 2 mM MgCl2, 2.5 lL 109 PCR buffer (Eurogentec),
200 mM of each dNTP and 0.25 lL Silverstar Taq-
polymerase (Eurogentec). Thermal cycling conditions
were 94 °C for 2 min, followed by 30 cycles of 94 °C for
1 min, 60 °C for 1 min, 72 °C for 1 min and final exten-
sion at 72 °C for 5 min. PCR products were checked by
UV-visualisation on 1.5% agarose gel after GelRedTM
staining (Biotium, Hayward, CA, U.S.A.).
Excess of primers and salts was removed using Nucle-
oFast purification based on microfiltration (Macherey-
Nagel, Düren, Germany). PCR products were resus-
pended in 50 lL MilliQ water, and DNA concentrations
were measured with a ND-1000 NanoDrop spectropho-
tometer (NanoDrop Technologies, Wilmington, DE,
U.S.A.). Digestion was performed by mixing 300 ng of
PCR product with 20 U HhaI enzyme (Fermentas, Fisher
Scientific, Pittsburgh, PA, U.S.A.) and incubating at
37 °C for 4 h (Smalla et al., 2007). We only used a single
enzyme as several authors have shown no differences in
phylotype richness and diversity when using more than
one enzyme (Dunbar, Ticknor & Kuske, 2001; Hartmann
et al., 2005; Danovaro et al., 2006). Restriction digestions
were stopped by freezing the samples at 20 °C. Excess
of restriction enzyme and salts was removed with the
illustra GFX PCR DNA and Gel Band Purification kit.
DNA was eluted with 20 lL MilliQ water and the con-
centration checked with NanoDrop, which was c.
10 ng lL1. Capillary electrophoresis was performed
with an ABI Prism 3130-Avant Genetic Analyser
(Applied Biosystems, Life Technologies, Gent, Belgium)
using POP 7 polymer. DNA was denaturised by mixing
2 lL restriction product with 7.7 lL formamide, and
0.3 lL GeneScanTM 1200 Liz size standard (Applied Bio-
systems) was added. T-RFLP profiles were analysed
using GeneMapper v.4.0 (Applied Biosystems) with a
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variation range of 1 bp and minimal threshold of 50 flu-
orescence units. The profile alignment was manually
corrected in excel based on the average size of each
T-RF  1 bp: T-RFs overlapping in average size  1 bp
were combined into a single T-RF, except if both original
T-RFs were present in one or more of the replicates.
Relative peak height was used as proxy for relative
abundance.
Community-level Biolog metabolic profiling
Bacterial ecosystem processes in terms of metabolic
potential were determined after 20 days using Biolog
GN2 MicroplateTM (Biolog Inc., Hayward, CA, U.S.A.)
containing 95 individual metabolisable molecules and 1
control well. Metabolisation of the molecules by the bac-
terial community triggers the reduction of a tetrazolium
dye in the well, and this colour change is measured
spectrophotometrically at 590 nm. For three replicates
per experimental treatment, 150 lL water sample con-
taining the bacterial community was brought directly
into the wells (Garland & Mills, 1991). The plates were
incubated at 25 °C in the dark, and optical densities
(ODs) were measured after 5 days. ODs of the metaboli-
sable source-containing wells were corrected by subtrac-
tion of the control well OD and divided by the average
well colour development (AWCD, average OD of the 95
source-containing wells after correction against the con-
trol well) (Preston-Mafham, Boddy & Randerson, 2002).
Negative ODs were replaced by zero values. Results
based on a 3 day incubation yielded the same patterns
as the 5 day incubation.
Statistical analyses
Statistical analyses were performed separately for the
two individual experiments (daily and single exchange).
For bacterial community analyses, only T-RFs with rela-
tive abundances higher than 0.2% of the total data set
and present in more than one sample were included.
Variation in bacterial community structure (Hellinger-
transformed presence–absence and relative abundance
data) and in Biolog OD responses (log-transformed) over
the five exchange treatments were visualised by princi-
pal component analysis (PCA) using the function rda
from the R-package vegan (Oksanen et al., 2013). Addi-
tionally, non-metric multidimensional scaling (NMDS)
was used to visualise variation in community structure
using the function metaMDS of the R-package vegan
(Oksanen et al., 2013) on Bray–Curtis similarities, start-
ing from k = 5 and using the best result as the new start-
ing point until k = 2. NMDS plots were compared using
the function procrustes and, when reaching a stable
configuration, the plot with the lowest stress value was
selected. To assess formally the effect of exchange rates,
water type and the interaction between exchange rates
and water type on the community structure or pro-
cesses, redundancy analysis (RDA) followed by a per-
mutation test (10 000 permutations) was performed
using the functions rda and anova.cca of the R-package
vegan, while perMANOVA was performed on Bray–
Curtis community similarity data using the function ado-
nis (10 000 permutations) of the same R-package.
To quantify the differentiation between the mutually
exchanged replicates, Bray–Curtis similarities in commu-
nity composition (presence–absence and relative abun-
dance data) and in Biolog OD responses were calculated
between the mutually exchanged replicates using the
function bcdist in the R-package ecodist (Oksanen et al.,
2013). To test for a correlation between exchange rate
and Bray–Curtis community similarity of the mutually
exchanged units, we performed Spearman’s rank corre-
lations using STATISTICA 64 version 10 (StatSoft, Inc.,
Tulsa, OK, U.S.A.). Significant differences in these Bray–
Curtis similarities among exchange rates were assessed
by one-way ANOVA followed by a Tukey HSD post hoc
test in STATISTICA 64 version 10 (StatSoft, Inc.). Signifi-
cant differences in community composition or Biolog
OD responses within the mutually exchanged groups
were assessed by manual pairwise perMANOVA, as
described above. To quantify the divergence in commu-
nity structure or ecosystem processes of the exchanged
replicates from the control treatment (or from the 12.5%
exchange treatment) within each pond, RDA and per-
MANOVA between the control treatment (or 12.5%
exchange treatment) and each other exchange treatments
were performed using the R-package vegan as described
above. Before performing one- or two-way ANOVA, the
homogeneity and normality of the variances of the data
were tested using the Levene’s test and Shapiro–Wilk
test, respectively.
Results
Single exchange
When exchanging cells only at the start of the experi-
ment, to test for species sorting and to control for dis-
persal limitation and neutral dynamics, the mutually
exchanged communities did not converge with increas-
ing dispersal rate, based on a PCA [Fig. 1; relative abun-
dance data (RA)]. When based on presence–absence
© 2014 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12408
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Fig. 1 PCA plots of the variation in bacterial community composition (relative abundance data) at different mutual exchange rates (0, 0.025,
0.25, 2.5 and 12.5% of the cells present) plotted per exchange rate under one single exchange at the start of the experiment. DM = De Maten;
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(PA) data, Bray–Curtis similarities in community compo-
sition calculated between the exchanged units remained
equally dissimilar over the different exchange rates com-
pared with the unexchanged control treatment (one-way
ANOVA: P > 0.05) (Fig. 2a, left panel) and even
decreased significantly at 0.25% exchange compared
with the control when based on relative abundance (RA)
data (one-way ANOVA: P = 0.0021; Tukey HSD:
P = 0.025) (Fig. 2b, left panel). All mutually exchanged
communities differed significantly between ponds at the
end of the experimental period [RDA: P < 0.05 (PA) and
P < 0.05 (RA); perMANOVA: P < 0.05 (PA) and P < 0.05
(RA)]; even under the highest exchange rate, we could
achieve with our centrifugation-based method [12.5%
exchange: RDA: P = 0.007 (PA) and P = 0.011 (RA); per-
MANOVA: P = 0.0075 (PA) and P = 0.0079 (RA)], show-
ing that species sorting was effective after a single, large
exchange. Also, the unexchanged control communities
differed significantly between ponds [RDA: P = 0.016
(PA) and P = 0.006 (RA); perMANOVA: P = 0.0079 (PA)
and P = 0.0075 (RA)], indicating that the two media still
resulted in significantly divergent communities after the
20-day experimental period.
Daily exchange: community structure
There was a significant main effect of daily exchange
rate on the composition of the bacterioplankton in our
experimental units [RDA: P = 0.005 (PA) and P = 0.0022
(RA); perMANOVA: P = 0.0003 (PA) and P = 0.0004
(RA)]. PCA (Fig. 3) and NMDS (Fig. 4) plots visualise
how an increasing rate of daily mutual exchange
between the two communities led to convergence in
their bacterial composition. Bray–Curtis similarities in
community composition calculated among the recipro-
cally exchanged units became higher with increasing
daily exchange rates (Fig. 2a,b, right panels), resulting in
a significant positive correlation between the Bray–Cur-
tis similarities of the mutually exchanged communities
and the exchange rate, for both presence–absence (Spear-
man’s rank: r = 0.753129; P < 0.05) and relative abun-
dance data (Spearman’s rank: r = 0.884943; P < 0.05).
Bray–Curtis similarities in community composition cal-
culated among the reciprocally exchanged units were
higher, compared with those calculated for the unex-
changed controls, at daily exchange rates of 2.5% [Tukey
HSD: P = 0.001984 (PA); P = 0.000339 (RA)] and 12.5%
[Tukey HSD: P = 0.022815 (PA); P = 0.001293 (RA)]. The
communities in the two pond media differed signifi-
cantly from each other under no exchange [perMANO-
VA: P = 0.0069 (PA); P = 0.0082 (RA)] and at exchange
rates of 0.025% [perMANOVA: P = 0.009 (PA);
P = 0.0076 (RA)] and 0.25% [perMANOVA: P = 0.0239
(PA); P = 0.0274 (RA)], but not at exchange rates of 2.5
or 12.5%.
Additionally, there was a significant interaction effect
between daily exchange rate and origin of the water
[RDA: P = 0.001 (PA and RA); perMANOVA: P = 0.0033
(PA) and P = 0.0002 (RA)]. The impact of daily exchange
on community composition was different for the two
ponds with divergence between exchanged communities
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in Zoet Water from the control community of Zoet
Water occurring at a lower dispersal rate (0.25%) than
divergence between exchanged and controlled commu-
nities of De Maten (2.5%) (Table 2). The pattern gener-
ated by the data of Zoet Water (increasing significance
with increasing exchange rate) was less erratic than that
generated by De Maten, reflecting the higher variation
among replicate samples in the De Maten samples.
Daily exchange: ecosystem processes
The Biolog GN2 microplate OD responses were signifi-
cantly affected by pond of origin (RDA: P = 0.001; perMA-
NOVA: P = 0.0004) and dispersal rate (RDA: P = 0.019;
perMANOVA: P = 0.0006), and there was a significant
interaction effect between pond of origin and dispersal rate
(RDA: P = 0.001; perMANOVA: P = 0.0001; see PCA plot,
Fig. 5). The two non-exchanged communities were already
fairly similar in terms of ecosystem processes (Fig. 6a).
With increasing daily exchange, the Bray–Curtis similarity
in ecosystem processes between the reciprocally exchanged
units increased (Fig. 6a) (one-way ANOVA: P = 0.00004),
and a significant increase in similarity in terms of pro-
cesses, compared with the non-exchanged treatments, was
detected at an exchange ratio of 0.25% (Tukey HSD:
P = 0.0028), 2.5% (Tukey HSD: P = 0.00067) and 12.5% (Tu-
key HSD: P = 0.0002) (Fig. 6a).
The significant increase in process similarity between
mutually exchanged units with increasing dispersal rate
was the result of a shift in the Zoet Water community,
while the process properties of the De Maten communities
remained relatively constant with exchange rate. This is
reflected in a significant interaction effect between dis-
persal rate and pond of origin (see above), the pattern
revealed by PCA (Fig. 5) and by the opposite patterns in
Bray–Curtis similarities of Zoet Water and De Maten
treatments calculated against the non-exchanged controls
(Fig. 6b,c). Moreover, dispersal rate had a highly signifi-
cant effect on the process properties of the Zoet Water
community (RDA: P = 0.002; perMANOVA: P = 0.0004)
(Fig. 5), while its effect on the De Maten processes was
weak (RDA: P = 0.086; perMANOVA: P = 0.0316). How-
ever, when comparing the process characteristics of the
exchanged communities with the non-exchanged commu-
nity within water from a single pond, there was no signifi-
cant divergence from the non-exchanged communities in
none of the water types (RDA and perMANOVA:
P > 0.05).
Discussion
Our results confirm earlier findings that species sorting
is a powerful process in the freshwater bacterioplankton
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Fig. 4 NMDS plot of the variation in bacterial community composi-
tion (relative abundance data) at different daily mutual exchange
rates (daily exchange of 0, 0.025, 0.25, 2.5 and 12.5% of the cells
present). DM = De Maten; ZW = Zoet Water.
Table 2 Summary of the P-values of perMANO-
VA and RDA pairwise analyses of T-RFLP data of
the daily exchange experiment comparing each
exchange treatment with the unexchanged control
within water type to assess whether the exchange
treatments resulted in significant divergence from
the no-exchange control community
Comparison
P-value perMANOVA P-value RDA
Presence–
absence
Relative
abundances
Presence–
absence
Relative
abundances
DM0%-DM0.025% 0.1532 0.06099 0.184 0.081
DM0%-DM0.25% 0.1414 0.05929 0.165 0.1
DM0%-DM2.5% 0.008299** 0.008499** 0.012* 0.015*
DM0%-DM12.5% 0.09969 0.09339 0.077 0.132
ZW0%-ZW0.025% 0.4805 0.6525 0.428 0.656
ZW0%-ZW0.25% 0.0174* 0.0233* 0.013* 0.01**
ZW0%-ZW2.5% 0.0217* 0.0241* 0.015* 0.025*
ZW0%-ZW12.5% 0.007399** 0.006399** 0.013* 0.006**
*P < 0.05.
**P < 0.01.
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(Van Der Gucht et al., 2007), but mass effects can over-
power species sorting at high recurrent immigration
(Lindstr€om & €Ostman, 2011). Moreover, we observed
that the responses to mass effects were different at the
level of community structure and ecosystem processes.
In the present study, we assessed the influence of a
single, as well as a repeated (daily), exchange of bacte-
ria on community composition and ecosystem pro-
cesses. The single exchange was performed to test for
dispersal limitation and neutral dynamics and to show
whether the differences in media of the two ponds still
resulted in two divergent communities over a time per-
iod of 20 days. The daily exchange experiment was
performed to find at which exchange levels mass
effects would be detectable. The cumulative number of
cells exchanged over the 20-day time period was much
higher in the daily exchange than in the single
exchange experiment. In the treatment with a single
initial exchange event, the exchanged communities did
not converge over time and remained significantly dis-
similar. Even at the highest rate of exchange that we
could achieve in a single event (12.5%), the communi-
ties inhabiting water from the two ponds remained dif-
ferent after 20 days, presumably due to environmental
sorting caused by the differences in the water taken
from the two ponds. This suggests that the medium
exerted an influence on these bacterial communities,
adding to the evidence of efficient species sorting in a
variety of freshwater microbial communities (Van Der
Gucht et al., 2007; Bell, 2010; Drakare & Liess, 2010;
Logue & Lindstr€om, 2010; De Bie et al., 2012; Lange-
nheder et al., 2012; Logue et al., 2012). The lack of an
increase in similarity between exchanged communities
with increasing dispersal in the single exchange experi-
ment also shows that, under the experimental condi-
tions, community structure was not driven by neutral
dynamics and that dispersal limitation was not impor-
tant in determining the observed dissimilarity in taxo-
nomic composition. Under neutral dynamics, our
experimental communities with a single exchange event
would have converged increasingly with increasing dis-
persal, because communities are hypothesised to be
structured by the relative colonisation of taxa, without
any environmental sorting. Under dispersal limitation,
we would expect that communities would converge
even at low dispersal rates with a single exchange
event and that similarity of the two communities
would then increase no further with higher rates of
dispersal (at least for presence–absence data).
From a methodological point of view, the results of
the single exchange experiment also show that the com-
munities present in the two media that were used were
still very different after 20 days. This is important for
the interpretation of our results, including those of the
experiment with daily exchanges. While these latter
tested for mass effects, our experiment with a single
exchange was intended to test for the effects of dispersal
limitation and neutral dynamics and to account for
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methodological issues, including the effect of centrifuga-
tion on differential survival and pelletising of cells, the
presence and exchange of predators and bacteriophages,
and the exchange of centrifuged organic particles that
could have changed the medium. In both cases, we
started with communities isolated from nature and with
natural media in order to mimic responses of reasonably
complex natural communities to fairly complex media.
Obviously, our experiments do not mimic natural condi-
tions entirely, and the quality of the medium is expected
to change during the course of the experiment. The bac-
terial communities in the control treatment without
exchange had diverged somewhat from the original state
after 20 days, and this may reflect drift or responses to
changes in the medium, or the effect of predation and/
or centrifugation of cells. However, the control commu-
nities in the two different media showed no convergence
in composition.
Moreover, with increasing cell exchange in a single
event, there was no significant convergence of the
exchanged communities in water from the two ponds.
This is crucial in interpreting the pattern in the daily
exchange experiment and indicates that methodological
issues, including the transfer of predators and bacterio-
phages to non-adapted communities, the potential
change in the medium due to transfer of organic parti-
cles and the potential negative effects of centrifugation,
did not result in community convergence, which would
have confounded observed mass effects. As exchange
rate increased, the community composition in the Zoet
Water medium did not change much compared with the
unexchanged control, whereas the community in the De
Maten medium did change with increasing exchange
rate (Fig. 1). This may reflect some facilitation of the
response to the change in quality of the De Maten med-
ium caused by dispersal from the Zoet Water commu-
nity (Shurin, 2001; Verreydt et al., 2012).
Daily cell exchange resulted in convergence in compo-
sition of the bacterioplankton in the two media and a sig-
nificantly positive correlation between immigration rate
and community similarity among daily exchanged com-
munities. Given that this convergence in the bacterio-
plankton occurred while the media were kept separate,
this indicates that mass effects are involved and that this
is not the result of a convergence in medium characteris-
tics. Overall, we observed a greater similarity in commu-
nity composition of reciprocally exchanged communities
compared with that of the unexchanged controls and no
significant differences in the bacterioplankton among
these reciprocally exchanged communities, at a daily
exchange rate of 2.5% of cells or higher. Overall, we can
thus conclude that species sorting between the two
media was slowed down or inhibited by mass effects at
these substantial rates of daily exchange. This value
(2.5% of cells day1) confirms that relatively rapid
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Fig. 6 Box plots of Bray–Curtis similarity in Biolog GN2 metabolic
response profiles calculated: (a) between the daily mutually
exchanged units for the different dispersal rates, (b) between the
metabolic profiles of De Maten communities and the control of
Zoet water for the different dispersal rates and (c) between the
metabolic profiles of Zoet Water communities and the control of
De Maten for the different dispersal rates. Different letter codes
above the box plots designate significantly different Bray–Curtis
similarities among dispersal rate treatments based on one-way
ANOVAs and Tukey HSD post hoc tests (P < 0.05). Boxes repre-
sent  standard error, and whiskers represent minimal and maxi-
mal values. N = 3.
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dispersal is needed to create mass effects (Jones &
McMahon, 2009; Logue & Lindstr€om, 2010; Lindstr€om &
€Ostman, 2011), but is lower than the estimate from the
experimental results of Lindstr€om & €Ostman (2011), who
observed that the largest changes in bacterial communi-
ties occurred when between 10% and 43% of the stand-
ing stock was transferred per day in their system. It
seems thus that, at the community composition level, a
daily influx of a considerable fraction of the standing
stock (2.5% in our study) is necessary to overpower spe-
cies sorting in freshwater heterotrophic planktonic bacte-
ria, but that this value may vary with environmental
conditions.
From a methodological point of view, it is striking
that the community compositions in the treatments with
high daily exchange converge to a different community
composition from being intermediate to the two original,
non-exchanged communities, as would be expected
under a neutral model when mixing two communities.
At first sight, this is not logical, given that we took care
to keep the media different through centrifugation of the
bacterial communities. It is possible, however, that the
presence of taxa from the other habitat induced changes
in the medium through differential transformation of
organic compounds. These differences could accumulate
during the experiment and gradually change the med-
ium. Further, the introduction of bacteriophages and
predators to non-adapted communities could have
resulted in changes in the community composition.
However, this does not frustrate the interpretation of
our results in the light of dispersal limitation, species
sorting and mass effects, given that our interpretation is
based on the differential responses between the single or
daily exchange compared with their respective controls.
In order to keep the two media separate while manip-
ulating dispersal rates among them, we needed a
method to isolate the bacteria from their medium and
manipulate them independently. We used centrifuga-
tion, fully acknowledging that different taxa may be dif-
ferentially sensitive to centrifugation. Any method,
either centrifugation or filtration, has the potential to
impose differential mortality on the bacteria. This does
not interfere with our results, however, as centrifugation
was applied equally across all treatments. We always
centrifuged 50% of the medium, irrespective of the exact
treatment. Our experiments evidently do not mimic nat-
ural conditions perfectly. Rather, the aim was to analyse
patterns of dispersal limitation, species sorting and mass
effects in complex bacterial communities. The percent-
ages of effectively exchanged cells (0.025, 0.25, 2.5, 12.5%
on a single or daily basis) were calculated based on a
methodological test on the amount of cells that were
pelletised by our centrifugation procedure, using com-
munities of De Maten and Zoet Water, showing that
25% of the cells present in the centrifuged water volume
were pelletised. While repeatability of this test was very
high, and similar values were obtained for communities
from both habitats, the procedure clearly results in some
uncertainty. Our extrapolations therefore need to be
interpreted with some caution. We chose centrifugation
as a relatively noninvasive method for separating bacte-
ria from their medium, but this comes at the cost of
increased uncertainty.
Also, at the ecosystem process level, measured as the
Biolog GN2 metabolic potential of the community, a sig-
nificant effect of dispersal rate was detected with daily
cell exchange. However, while the bacterial community
was significantly affected by dispersal at an immigration
rate of 2.5%, our ecosystem process measures were
affected at dispersal rates of 0.25%. That community
structure and ecosystem processes may respond differ-
ently to disturbance has been suggested and observed
before (Allison & Martiny, 2008; Comte & Del Giorgio,
2010; Lindstr€om & €Ostman, 2011; Berga, Szekely &
Langenheder, 2012). Like Berga et al. (2012), we
observed that ecosystem processes responded faster than
community structure, which suggests that presence–
absence of specific, non-abundant taxa can make a dif-
ference in terms of the functional profile of communities.
It may also reflect the low resolution of the fingerprint
technique T-RFLP, potentially missing small changes in
relative abundance or failing to detect rare taxa.
Starting with complex natural bacterioplankton grown
in isolation or with increasing dispersal from another
community, we observed mass effects in treatments with
substantial dispersal (exchange of 2.5% of cells daily).
While mass effects are thus a plausible structuring mecha-
nism for metacommunities, they are unlikely to occur in
systems that are not hydrologically connected, where
exchange rates are low. However, note that dispersal rates
resulting in mass effects differed at the ecosystem process
and community composition levels and also differed
between the two source ponds. The reasons for these vari-
ations are still unclear, and further research should focus
on the underlying mechanisms shaping metacommunity
structure under variable conditions in nature.
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